This work investigates the capability of Raman spectroscopy (RS) to study the effects of ionizing radiation on single human tumour cells. Prostate tumour cells (cell line DU145) are cultured in vitro and irradiated to doses between 15 and 50 Gy with single fractions of 6 MV photons. Single-cell Raman spectra are acquired from irradiated and unirradiated cultures up to 5 days post-irradiation. Principal component analysis is used to distinguish the uniquely radiation-induced spectral changes from inherent sources of spectral variability arising from cell cycle differences and other known factors. We observe uniquely radiation-induced spectral changes which are correlated with both the irradiated dose and the incubation time post-irradiation. The spectral changes induced by radiation arise from biochemical differences in lipids, nucleic acids, amino acids and conformational protein structures between irradiated and unirradiated cells. To our knowledge, this study is the first use of RS to observe radiation-induced biochemical differences in single cells, and is the first use of vibrational spectroscopy to observe uniquely radiation-induced biochemical differences in single cells independent of concurrent cell-cycle-or cell-death-related processes.
Introduction
Currently, most experimental radiobiological data are obtained from tumour cells cultured in vitro since it is difficult to quantify a radiobiological effect for tissues in vivo, and it is difficult to obtain patient tissue samples which will survive long enough in a lab to perform a radiation experiment. Animal experiments performed in situ are common, but it is also difficult to relate radiobiological effects observed in non-human systems to radiation therapy patient outcomes. As such, prescribed doses for tumour control are obtained empirically from prior clinical treatments. However, there is a known variability in the radiation response between patients; the probabilities of both normal tissue complication and tumour control depend on the individual radiation sensitivity of the patient (Peters 1996) . Experimental efforts to develop a predictive assay for radiation sensitivity (Geara et al 1993 , Barber et al 2000 , López et al 2005 , Begg 2009 ) have so far had unsatisfactory levels of success for clinical implementation, and there is currently no proven method for assessing the radiation response of a patient during the course of an extended treatment. There is also some evidence for the existence of unknown radiobiological processes which likely have clinical relevance. Phenomena such as the bystander effect (Nagasawa and Little 1992 , Folkard et al 2007 , Morgan and Sowa 2007 , or the discrepancy between observed cell kill or tumour control after single high doses of radiation and the predictions of the linear-quadratic model (Brown and Koong 2008) , further demonstrate the need for continued investigation into the fundamental radiation response of cells and tissues. One technique which holds promise for radiobiological studies is Raman spectroscopy (RS).
RS is a noninvasive vibrational spectroscopy technique in which an optical wavelength laser is focused onto a sample through an objective lens, inducing molecular vibrations and creating inelastically scattered photons with frequencies and intensities characteristic of the molecules in the sample. The scattered Raman photons are isolated, passed through a spectrometer and collected on a CCD for spectroscopic analysis. The resulting Raman spectrum provides a detailed description of the molecular composition within the sampling volume. With a prudent choice of laser wavelength and power, RS is noninvasive and nondestructive, allowing the analysis of live cells or tissues without perturbation of the sample (Puppels et al 1991 , Notingher et al 2002 . The use of high-power focusing optics and motorized stepping stages can provide spatial resolutions as low as 1 μm, well below the typical size of a human cell (10-50 μm diameter). Furthermore, RS is sensitive to many types of biomolecules found in human cells, and can obtain unique spectral features from molecular groups in proteins, lipids and nucleic acids in a single acquisition. It was recently demonstrated that RS can provide biochemical information at comparable levels of accuracy and sensitivity as established techniques such as NMR spectroscopy and flow cytometry (Mourant et al 2006) .
In recent years, numerous studies have applied RS to live cells and tissues for cancer detection and diagnosis, often in conjunction with multivariate statistical methods such as principal component analysis (PCA), linear discriminant analysis (LDA) or cluster analysis. RS has been successfully applied to discriminate between healthy and cancerous skin (Nijssen et al 2002 , Choi et al 2005 , Lieber et al 2008 , bladder (de Jong et al 2006) and gastric (Teh et al 2008 (Teh et al , 2009 ) tissues, as well as to discriminate between healthy and tumourogenic rat fibroblast cells (Omberg et al 2002) , human bone cells (Notingher et al 2005) and human epithelial cells from a variety of organs (Stone et al 2002) . In addition, several studies have used RS for analysing biochemical differences arising within a population of a single type of cell due to apoptosis (Verrier et al 2004) , necrosis (Kunapareddy et al 2008) , cell death (Notingher et al 2003) , nonproliferation (Short et al 2005) and cell cycle (Swain et al 2008) . Previously, we undertook a study to determine the inherent sources of Raman spectral variability between live single cells cultured in vitro, and observed biochemical differences correlated with both cell cycle progression and the incubation time of the culture in the first 3-4 days after sub-culturing (Matthews et al 2010) .
Previous studies have successfully used RS to detect spectral changes in irradiated aqueous DNA (Sailer et al 1996, Shaw and Jirasek 2009 ), biological membranes (Verma 1986 , Verma and Rastogi 1990 , Verma and Sonwalkar 1991 , Verma et al 1993 , Sailer et al 1997 , and skin and muscle tissues (Lakshmi et al 2002 , Synytsya et al 2004 . A recent study applied RS to discriminate between responding and non-responding cervical cancers after irradiation (Vidyasagar et al 2008) , although they were unable to draw any conclusions regarding the differences in the biochemical composition of the tissues. To date, Raman techniques have yet to be applied to measure the radiation response of single living cells, which are a vital experimental source from which many advances in radiobiology arise.
In the present work, human prostate tumour cells (cell line DU145) are cultured in vitro and irradiated to doses between 15 and 50 Gy with single fractions of 6 MV photons. Irradiated and unirradiated cell cultures are re-incubated for varying amounts of time post-irradiation, up to 5 days. We use adherent cells that are resuspended and centrifuged into a pellet, from which individual cells are selected using a high-power focusing objective and 785 nm Raman laser excitation. With this method we obtain high-quality Raman spectra of single cells, while eliminating spectral variability due to monolayer growth (Mourant et al 2003) . For each cell, Raman spectra are obtained from both the low wavenumber (LWN) region (600-1800 cm −1 ) and the high wavenumber (HWN) region (2700-3100 cm −1 ) in order to determine the utility of each spectral window in detecting radiation-induced spectral changes. PCA is used to show that the Raman spectra collected from irradiated cells display a measurable radiobiological effect that is correlated with both dose and post-irradiation incubation time. The effect is expressed as varying concentrations of specific molecular groups assigned to lipids, nucleic acids, amino acids and conformational protein structures within irradiated cells as compared to unirradiated cells. PCA is shown to be useful in discriminating between radiation-induced changes in cell spectra and inherent spectral differences within a cell culture arising from cell cycle progression and other factors which were examined in detail in our previous work (Matthews et al 2010) .
Methods
The general procedure followed in this work was to prepare a number of identical cell cultures, and irradiate each cell culture at the same time while leaving some cultures unirradiated to serve as controls. The remaining live cells were harvested from selected cell cultures for RS at varying time points (0-5 days) post-irradiation. For our primary experiment presented in section 3.2, spectra were collected from 20 individual cells from 12 cell cultures, resulting in 240 spectra collected for each spectral window. Each individual spectrum from a given experiment was post-processed (section 2.5) before the analysis of the entire data set with PCA.
Standard cell culture
Human prostate tumour cells (cell line DU145 (ATCC, Manassas, VA, USA)) were cultured in a sterile environment and grown in T-75 flasks with 15 mL of Dulbecco's Modified Eagle Medium (HyClone, Logan, UT, USA) supplemented with 10% fetal bovine serum (FBS) (HyClone). Cultures were kept in an incubator at 5% CO 2 and 37
• C to promote growth. Cell stocks were sub-cultured every 3-4 days by rinsing the cells in phosphate buffered saline (PBS), adding trypsin (HyClone) to detach the cells from the flask, and transferring 10-20% of the harvested cells to a new flask containing fresh media. Before re-incubation, the new cell suspensions were pipetted several times to ensure an evenly distributed monolayer of cells throughout the flask.
Cell irradiation
For the experiment presented in section 3.2, 12 identical cell cultures were prepared in T-75 flasks at an initial confluency of ∼15% after sub-culturing. Prior to irradiation, cells were allowed to incubate for ∼3.5 days (growing to a confluency of 70-80%) in order to avoid measurement of any additional inherent spectral variability correlated with the incubation time of DU145 cell cultures during the first 3-4 days after sub-culturing (Matthews et al 2010) . Cell cultures were irradiated in T-75 flasks with a single fraction of 6 MV photons from a Varian 21EX linear accelerator (Varian Medical Systems, Inc., Palo Alto, CA, USA), at a dose rate of ∼5.9 Gy min −1 . Five cultures were irradiated to 50 Gy, one was irradiated to 15 Gy, one was irradiated to 30 Gy and the remaining five cultures were left unirradiated. All flasks were removed from the incubator at the same time, and were returned to the incubator within 30 min of removal. Cultures irradiated to 50 Gy were harvested for RS analysis at 0, 24, 48, 72 and 120 h post-irradiation, with one unirradiated culture harvested and analysed at the same time. Cultures irradiated to 15 and 30 Gy were harvested and analysed with RS at 72 h post-irradiation. Similar protocols were followed for the experiment presented in section 3.3, with the relevant differences provided therein.
Cell cycle and viability analysis
During the harvesting procedure for RS analysis, the cell cycle distribution and viability of each culture was determined with flow cytometry (Gray et al 1986) following established protocols (Tomida et al 1996 , Zhang et al 1999 , as described previously (Matthews et al 2010) . For cell cycle analysis, propidium iodide (PI) staining of ethanol fixed cells was used to measure the relative DNA content of 100 000 cells per culture with a BD FACSCalibur Flow Cytometer (BD Biosciences, Mississauga, ON, Canada). Relative fractions of cells in each phase of the cell cycle (G1, S or G2) were determined by performing a nonlinear leastsquares fit to the measured data using functions representative of the expected distributions of DNA content for each cell cycle phase (Matlab, The Mathworks, Natick, MA, USA). For the assessment of the viability of harvested samples, PI staining and flow cytometry of 20 000 unfixed cells was used to determine the fractions of live (no PI signal) and dead (positive PI signal) cells in a sample. For the experiment presented in section 3.2, the fraction of live cells in the harvested samples was over 95% for all cultures, with the exception of the irradiated 120 h sample which had a live cell fraction of ∼90%.
Raman spectroscopy
Sample preparation and RS analysis was performed as described previously (Matthews et al 2010) . Briefly, after rinsing with PBS to remove dead cells and debris, the remaining live cells were harvested with trypsin, centrifuged into a pellet, re-suspended in fresh media and centrifuged into a pellet in a 200 μL vial. Vials were kept on ice until RS analysis (1-6 h), upon which the chosen pellet was transferred to a quartz disc (Technical Glass Products, Painesville, OH, USA). All Raman spectra were acquired within 2 h of removing the pellet from the ice bath. Raman analysis was performed on an InVia Raman Microscope (Renishaw Inc., Hoffman Estates, IL, USA) with a 100× dry objective (N.A. = 0.9) (Leica Microsystems, Wetzlar, Germany) and a 1200 lines mm −1 diffraction grating. A 785 nm continuous wave diode laser (Renishaw) was used for sample excitation, providing a laser power density at the sample of ∼0.5 mW μm −3 . The size of the sampling volume was measured to be ∼2 × 5 × 10 μm, allowing a single acquisition to represent the spectrum of a single DU145 cell (∼10 μm diameter). Raman spectra were acquired from 20 individual cells from each sample, with cells chosen at random from the top layer of the cell pellet. Spectra were collected at 30 s acquisitions per cell, and spectra from the LWN window (600-1800 cm −1 ) and HWN window (2700-3100 cm −1 ) were acquired in succession for each cell.
Spectral processing and data analysis
Before analysis with PCA, each cell spectrum was processed to remove cosmic rays, reduce noise via spectral smoothing, estimate and subtract a baseline arising from the quartz substrate and biological fluorescence, and normalize to the total amount of biological material within the sampling volume. The methods and justification for the implementation of each processing step have been described previously (Matthews et al 2010) . Briefly, a very conservative amount of spectral smoothing was applied with an in-house version of the two-point maximum entropy method (Greek et al 1995 , Schulze et al 2007 , Jirasek et al 2006 , Matthews et al 2008 .
Baseline estimation was performed with a modified version of the signal removal method (Schulze et al 2005) for the LWN window and with three-point linear interpolation for the HWN window. Spectral normalization was achieved by dividing each spectrum by the total area (i.e., total intensity) under the baseline-corrected spectrum. The fully processed data set was then analysed with PCA using standard algorithms. PCA was performed separately on the LWN and HWN window data sets to facilitate an independent comparison and corroboration of the results obtained from each window. All spectral processing and PCA was performed with Matlab.
Results

Single DU145 cell spectrum
In the LWN spectral window, the Raman spectrum of a single unirradiated DU145 cell (figure 1(a)) contains multiple contributions from proteins, lipids and nucleic acids. Spectral features of proteins arise from aromatic amino acids, amide groups of secondary protein structures and the stretching or deformation of carbon atoms bonded with nitrogen, hydrogen or other carbon atoms. Nucleic acid features include contributions from individual RNA and DNA bases, as well as from the sugar-phosphate backbone of DNA. A number of different lipid features are also detectable throughout the spectral window. In the HWN window, the spectrum (figure 1(b)) is a superposition of broad features dominated by the stretching of various lipid and protein CH 2 and CH 3 groups. There are also weak contributions from =CH stretching in lipids and from aromatic groups in both nucleic and amino acids. A detailed listing of the molecular assignments for the spectral features we observe for DU145 cells has been recently reported (Matthews et al 2010) , which is compiled from the results reported by other authors examining different cell lines or tissues (Notingher et al 2003 , Notingher and Hench 2006 , Krafft et al 2003 , Uzunbajakava et al 2003 , Synytsya et al 2004 , Omberg et al 2002 , Borchman et al 1999 .
Irradiated versus unirradiated cells
3.2.1. LWN window: first PCA component. As described in section 2, a total of 240 LWN window cell spectra were collected over the course of this experiment. The first PCA component (figure 2(a)) describes the most significant source of spectral variability, which in this case is 48.8% of the total variance in the data set. By comparison with the known molecular Raman shifts for a single cell (figure 1(a)), the features in the component can be identified as arising from variations in the intensity of the Raman features in the original data set. As such, molecular origins can be assigned to many of the positive and negative features in the component (figure 2(a)). The positive features in the component are exclusively nucleic acid and protein in origin, with nucleic acid features arising from DNA and RNA bases and the DNA backbone, and protein features arising from aromatic amino acids (phenylalanine, tryptophan and tyrosine) and β-sheet amide groups. Conversely, the negative features in the component are dominated by lipid contributions from cholesterol, choline, CH 2 twisting, CH 2 and CH deformation, and C-C, C=C and C=O stretching, with some overlap of protein features at 1065, 1080, 1267, 1460 and 1656 cm −1 arising from C-N stretching, CH deformation and α-helix amide groups. It cannot be determined whether the variability described by these overlapping negative features is uniquely lipid or protein in origin, but since the rest of the negative features in the component are uniquely lipid, it is likely that lipids are contributing in part to the negative nature of these features as well. To summarize, the positive features in the first PCA component arise from nucleic acids and proteins, whereas the negative features arise primarily from lipids.
Any spectrum with a higher (i.e. more positive) PCA score for a given PCA component will have a proportionately higher amount of the positive features, and lower amount of the negative features, from that component. As such, the PCA scores can identify changes in the relative biomolecule composition between samples, where the molecular groups responsible for the spectral changes are identified by the features of the corresponding component. For the first PCA component, positive scores are correlated with increased nucleic acid and protein content, and negative scores are correlated with increased lipid content. The PCA scores for the 240 spectra in this experiment (figure 2(b)) are grouped by the time of RS acquisition and by the irradiated dose for each sample. For the unirradiated cultures, the average nucleic acid and protein content relative to the average lipid content stays relatively constant until decreasing from 48 to 72 to 120 h after time of irradiation. For the irradiated cultures, the average nucleic acid and protein content relative to the average lipid content is consistent with the unirradiated cultures at 0 and 24 h post-irradiation, decreases by 48 h post-irradiation, and remains fairly constant from 48 to 120 h post-irradiation. Overall, the PCA scores for the first PCA component show no clear separation between the irradiated and unirradiated cell cultures as a function of dose or incubation time post-irradiation.
We have previously shown (Matthews et al 2010) that the variability expressed by the first PCA component during RS analysis of single DU145 cells arises from inherent cell cycle variability between cells, both within a given culture and between different cultures (discussed further in section 4.1). In the current work, the observed changes in the average nucleic acid and protein content relative to the average lipid content of unirradiated cells as a result of different incubation times after sub-culturing (figure 2(b)) are consistent with our previous observations, and are also consistent with known changes in the biochemical composition of cells in cultures allowed to incubate for longer times after sub-culturing (Crissman et al 1985 , Darzynkiewicz et al 1980 , Short et al 2005 . Throughout our work with irradiated and unirradiated DU145 cell cultures, cell cycle variability has consistently remained the largest source of spectral variability observed within a given data set (typically 40-60% of the total variance), and is often easily identifiable in the original spectra. To demonstrate this last point, the Raman spectra and Raman difference spectrum for two unirradiated cells (cells 41 and 214) which have a large separation in their PCA scores (figure 2(b)) are shown in figure 2(c), along with the first PCA component for comparison. Nearly all of the features previously identified in the component (figure 2(a)), which describes the spectral variability due to cell cycle in the entire data set, are directly observable in the difference spectrum of two cells with a large separation in the PCA score for the first PCA component.
LWN window:
second PCA component. The second PCA component ( figure 3(a) ) describes the second most significant source of spectral variability in the data set (14.4% of total variance), which is independent of the existing variability due to cell cycle described by the first PCA component (figure 2). As before, by comparing the features in the component with known molecular Raman shifts ( figure 1(a) ), molecular origins can be assigned to many of the positive and negative features in the component. The positive features include contributions from aromatic amino acids, C-C and C-N stretching and CH deformation in proteins, CH 2 twisting and CH and CH 2 deformation in lipids, and a combined contribution from the nucleic acid bases A and G and CH deformation in proteins. The negative features include contributions from choline, O-P-O stretching in lipids and RNA, C-C stretching in lipids, random coil amide groups, the nucleic acid bases and the DNA backbone, and a combined contribution from lipid =CH deformation and α-helix amide groups. The sharp negative feature at 1660 cm −1 arises from amide groups as well, and is likely a combined contribution from α-helix (1656 cm −1 ) and random coil (1669 cm −1 ) amide groups. Since the negative features from the nucleic acid bases A and G at 1486 and 1577 cm −1 have no overlapping contributions from other molecules, it is likely that the positive nature of the combined feature at 1340 cm
is from CH deformation in proteins (which also contributes positively at 1460 cm −1 ) rather than from the nucleic acid bases A and G. The positive feature at 1421 cm −1 is tentatively assigned to CH 2 groups in the backbone of nucleic acids, but the accuracy of this assignment is uncertain due to contradicting literature sources (Omberg et al 2002 , Krafft et al 2003 , Uzunbajakava et al 2003 , Synytsya et al 2004 .
The PCA scores ( figure 3(b) ) for the second PCA component display no separation between the 50 and 0 Gy cell cultures immediately after irradiation. However, the average PCA scores show a clear separation after 24 h, which increases steadily from 24 to 120 h post-irradiation. Furthermore, at 72 h post-irradiation there is a steady decrease in the PCA scores as the dose increases from 0 to 15 to 30 to 50 Gy. These trends in the PCA scores show that the biochemical changes described by the second PCA component ( figure 3(a) ) are correlated with both the incubation time post-irradiation and the irradiated dose after a fixed incubation period.
In this work the radiation-induced spectral variability explains much less of the total percent variance than the inherent spectral variability due to cell cycle (14.4% for radiation versus 48.8% for cell cycle). As such, it is difficult to directly observe radiation-induced spectral changes in the Raman difference spectrum from two cells. However, if the chosen cells have a large difference in the PCA score for the second PCA component and a small difference in the PCA score for the first PCA component (i.e. large spectral differences caused by radiation and small spectral differences due to cell cycle), the radiation-induced spectral changes are clearly visible in the Raman difference spectrum ( figure 3(c) ). at 1003 cm −1 . These features in a PCA component indicate variability arising from shifts in the calibration of the Raman system. The trend displayed by the score plots for this component (also not shown) correlates well with measured shifts in the Raman calibration over the 5 day sample collection period, which were monitored by measuring the peak position of the 520 cm −1 feature of an instrument-based silicon sample before and after RS collection each day. Before RS collection, it was first verified that the initial calibration of the system was within 0.5 cm −1 of the calibration performed on the first day of collection, which translates to a maximum shift in the system calibration of less than 1 pixel (1 pixel ≈0.9 cm −1 , at 1003 cm −1 ) for all 240 spectra collected. In this study, the third PCA component is the last component which displayed any trend in the PCA score plots, and each of the remaining 236 PCA components explains less than 4% of the total variance, suggesting that all useful biological information in the data set is contained within the first two PCA components.
HWN window.
Recalling figure 1(b) , the HWN window spectrum of a single cell is a superposition of broad features arising primarily from the stretching of CH 2 and CH 3 groups in proteins and lipids. The first PCA component for the HWN window ( figure 4(a) ) explains 88.9% of the total variance. The positive features in the component arise from proteins and aromatic groups, whereas the negative features are uniquely lipid in origin, thus matching the biomolecular separation observed in the first PCA component for the LWN window ( figure 2(a) ). The HWN window PCA scores for the first PCA component ( figure 4(b) ) show a nearly identical trend as the LWN window PCA scores (figure 2(b)). We have previously shown (Matthews et al 2010) that for DU145 cells the first PCA component for the HWN window arises from the same inherent cell cycle variability which is observed in the LWN window spectra, and typically explains 75-90% of the total variance in the data set, as opposed to 40-60% for the LWN window first PCA component. The second PCA component for the HWN window (figure 4(c)) explains only 2.1% of the total variance, yet still contains several identifiable features which are consistently reproduced during our irradiation experiments. However, the validity of assigning molecular origins to features in the component is somewhat uncertain due to their broad and somewhat noisy nature. Despite this uncertainty, the HWN window PCA scores ( figure 4(d) ) display a separation in the average PCA score correlated with both the incubation time post-irradiation and the irradiated dose after 72 h, which is similar to what is observed for the LWN window PCA scores for the second PCA component ( figure 3(b) ). However, for the HWN window, the separation in PCA scores between 0 and 50 Gy samples is less pronounced at all time points than for the LWN window. Furthermore, the dose dependance of the PCA scores at 72 h post-irradiation is not reproduced between 30 and 50 Gy, and the incubation time dependence of the PCA scores for the 50 Gy samples is not reproduced between 48 and 72 h post-irradiation ( figure 4(d) ).
The remaining PCA components for the HWN window each explain less than 1% of the total variance. The components have no identifiable features and the PCA scores do not display any trends, suggesting that all useful biological information in the data set is contained within the first two PCA components (as was the case for the LWN window data set).
Reproducibility.
We have reproduced the results presented here in three separate experiments with DU145 cells (including the experiment discussed below in section 3.3). The first and second PCA components for the LWN and HWN window (e.g. figures 2(a) and 3(a), LWN window) were consistently reproduced. Furthermore, for both spectral windows, the PCA scores for the first PCA component followed the expected trend for changes in the cell cycle distribution, and the PCA scores for the second PCA component displayed the same separation in average PCA score, correlated with dose and incubation time post-irradiation, as was observed for the irradiated and unirradiated samples (e.g. figures 2(b) and 3(b), LWN window). In the first of these experiments, only 80 spectra were obtained for each spectral window. Even though far fewer spectra were obtained compared to the experiment presented above (240 spectra for each window), the features in the first and second PCA components and the trends in the corresponding score plots were successfully reproduced.
Time of irradiation after sub-culturing
We have performed additional experiments with DU145 cells using the same irradiation and RS acquisition protocols as in the experiment presented in section 3.2 (except no data were collected at 48 h post-irradiation), with the important difference being that cells were irradiated ∼1 day after sub-culturing (at a confluency of 20-30%), instead of ∼3.5 days after sub-culturing (at a confluency of 70-80%). In our previous work (Matthews et al 2010) , we have shown that there is inherent spectral variability observed in the LWN window Raman analysis of single cells from in vitro DU145 cell cultures, independent of the existing cell cycle variability, which is correlated with the incubation time of the cell culture up to 3-4 days after sub-culturing. We found that this extra inherent source of variability was not observed if RS analysis began 3-4 days after sub-culturing, or later (figure 8(a) in Matthews et al (2010) ). As such, during these experiments radiation-induced spectral differences were observed alongside spectral differences associated with inherent biochemical changes due to incubation time, both of which are correlated with the time of RS analysis after sub-culturing. These competing effects were subsequently observed in the second and third PCA components for the LWN window (figure 5). The LWN window results from one of these experiments are presented below. The first PCA component from this experiment (explaining 38.6% of the variance) and the corresponding PCA scores (not shown) are both very similar to the corresponding results from the experiment in section 3.2 (figure 2), and similarly describe the inherent cell cycle variability in the data. The second PCA component ( figure 5(a) ) explains 15.5% of the variance, and contains nearly identical features as the second PCA component from the experiment in section 3.2 ( figure 3(a) ), which explained a comparable amount of the total variance (14.4%) in that data set. The PCA scores for the second PCA component ( figure 5(b) ) confirm that the spectral differences described by the second PCA component are correlated with both the incubation time post-irradiation and the irradiated dose after 72 h; however, the trend of increasing separation in the average PCA score with increased incubation time is slightly reversed between 72 and 120 h, unlike the corresponding PCA score results from the experiment in section 3.2 ( figure 3(b) ). A possible explanation for this discrepancy is provided below. The third PCA component ( figure 5(c) ) explains 8.1% of the variance, and was not observed in the experiments presented in section 3.2. This new component arises from the additional inherent biochemical variability which is correlated with the incubation time of DU145 cell cultures in the first 3-4 days after sub-culturing. Almost all of the features in the third PCA component presented here have been previously observed in PCA components derived from RS studies of unirradiated DU145 cell cultures (figure 7(a) in Matthews et al (2010) ). The average PCA scores for the third PCA component ( figure 5(d) ) increase from 0 to 72 h post-irradiation (i.e. 1-4 days after sub-culturing), for both unirradiated and irradiated samples. From 72 to 120 h post-irradiation, there is no noticeable change in the average PCA score for the unirradiated samples (consistent with previous observations (Matthews et al 2010) ), and a clear decrease in the average PCA score for the irradiated sample. A possible explanation for this decrease, and for the corresponding aberrant increase in the average PCA score for the second PCA component, arises from the presence of several spectral features which appear in both the second and third PCA components. As such, the respective sources of spectral variability caused by irradiation and by incubation time after sub-culturing may not be completely separated into each component. Since the biochemical changes from each effect occur over similar time scales, there may be some 'mixing' of these two components 4 . Due to the competing biological changes described by the third PCA component, the degree to which the radiation-induced spectral variability is uniquely described by the second PCA component in this experiment is unclear. Nevertheless, the similarity of the second PCA component and the corresponding PCA score plot with the results presented in section 3.2 lends weight to the conclusion that radiation-induced spectral variability is well described by the features in the second PCA component of such irradiation RS experiments on DU145 cell cultures.
Discussion
First PCA component: cell cycle variability
In this work, the largest source of spectral variability between single live cells, explained by the first PCA component ( figure 2(a) ) as varying concentrations of proteins and nucleic acids relative to lipids, arises from inherent differences in cell cycle between cells within a given culture and between cultures. Therefore, irradiation of DU145 cell cultures does not induce more spectral differences in the Raman spectra of surviving cells, up to 5 days post-irradiation, than what is already explained by cell cycle biochemical differences. However, the delivery of high doses of radiation may significantly alter the cell cycle distribution of a culture over time, irrespective of any uniquely radiation-induced biochemical changes. Hence, the cell cycle distributions of all cultures collected in this work were measured with flow cytometry (figure 6) to verify that the observed cell cycle distributions were consistent with the spectral variability described by the first PCA component (section 3.2.1, figure 2) .
The cell cycle distributions of the unirradiated cell cultures (top row, figure 6) remain relatively unperturbed until ∼72 h where there is a significant increase in the fraction of G1 phase cells and a corresponding decrease in the fractions of S and G2 phase cells, a trend which continues for the 120 h cell culture. This observation is expected since by 72 h the unirradiated cell cultures had reached confluency and had begun to progress into a less proliferative state with an increased fraction of quiescent (nonproliferating G1 phase or 'G0' phase) cells. The PCA scores for the first PCA component for the unirradiated cell cultures are well correlated with these changes in the cell cycle distributions, as the PCA scores ( figure 2(b) ) indicate that the average protein and nucleic acid content relative to lipid content remains relatively constant until decreasing continually from 48 to 72 to 120 h. This trend is consistent with our previous observations (Matthews et al 2010) and with known cell-cycle-related biochemical changes in nonproliferative and actively cycling cells (Crissman et al 1985 , Darzynkiewicz et al 1980 , Short et al 2005 .
At all times after irradiation, the cell cycle distributions of the irradiated cell cultures (bottom row, figure 6) are drastically altered from a cell cycle distribution characteristic of an asynchronously dividing proliferative culture (i.e. the two leftmost panels in figure 6 ). However, from 0 to 24 h post-irradiation, the PCA scores for the irradiated cultures are similar to the PCA scores for the unirradiated cultures, whereas the 50 Gy irradiated cultures at 48, 72 and 120 h have lower PCA scores with average values comparable to the average PCA score for the 120 h unirradiated culture ( figure 2(b) ). Recall (section 2.3) that flow cytometry is used here to measure the relative DNA content of cells. As such, we see that 24 h after irradiation, the surviving cells have begun to be arrested in the G2 phase (double the DNA content of a G1 phase cell). The G2 arrest is most pronounced for the 48 and 72 h samples, and for each of the 24, 48 and 72 h samples a distinct G1 peak is not observed. At 120 h post-irradiation a G1 peak is observed, possibly due to some fraction of G2-arrested cells having successfully repaired enough radiation damage to complete a successful mitotic division. The type of cell cycle redistribution observed here in response to single high doses of photons is consistent with the results reported from a previous radiation study with DU145 cells, where the measured fraction of G2 cells approached 50% at 72 h after irradiation to 20 Gy (Vucic et al 2006) .
In our previous work (Matthews et al 2010) we have shown that between late G1, S and G2 cells, the differences in nucleic acid and protein content relative to total lipid content are very small, as measured with RS. The largest cell-cycle-related spectral differences arise from early G1 cells, which are known to have the lowest levels of RNA and protein among actively proliferating cells (Crissman et al 1985 , Darzynkiewicz et al 1980 . Even more pronounced spectral differences are observed for nonproliferative cells (Matthews et al 2010 , Short et al 2005 , which are known to have an even lower RNA and protein content than early G1 cells (Crissman et al 1985 , Darzynkiewicz et al 1980 . Since the irradiated cell cultures in this work become nonproliferative as a result of radiation damage (figure 6), the observed decrease in the average nucleic acid and protein content relative to lipid content of the irradiated cell cultures from 48 to 120 h post-irradiation ( figure 2(b) ) may be explained by radiation-induced nonproliferation causing similar cell-cycle-related biochemical changes as those observed in unirradiated nonproliferative cultures.
Second PCA component: radiation-induced effects
The second PCA component in this work ( figure 3(a) ) describes RS spectral differences that are independent from the existing cell-cycle-related spectral differences described by the first PCA component. The PCA scores ( figure 3(b) ) show that the magnitude of the spectral differences increases with the incubation time post-irradiation and with the irradiated dose after a fixed incubation period. The separation in PCA score distributions between the 50 Gy irradiated and the unirradiated cultures is not significant immediately after irradiation (p = 0.15 at 0 h), but is statistically significant by 24 h (p < 0.0001), and at all times afterwards. At 72 h post-irradiation, increasing the dose from 0 to 15 to 30 to 50 Gy results in corresponding statistically significant decreases in the PCA scores (p < 0.0001 for any pair of samples). Our additional experiments described in sections 3.2.5 and 3.3 confirm that the spectral differences described by the second PCA component ( figure 3(b) , section 3.2) are indeed radiation-induced effects. Our results show that over time, DU145 cells in culture irradiated to single high doses display increased levels (negative features in second PCA component for the LWN window, figure 3(a) ) of choline, O-P-O groups in lipids and RNA, C-C and =CH groups in lipids, random coil and α-helix amide groups, nucleic acid bases, and DNA, as well as decreased levels (positive features in second PCA component for the LWN window, figure 3(a) ) of aromatic amino acids, C-C, C-N, and CH groups in proteins, CH 2 groups in nucleic acids, and CH 2 and CH groups in lipids. The Raman spectral changes corresponding to these biochemical changes are summarized in table 1. It should be emphasized that these biochemical changes occur independent from any biochemical changes related to cell cycle progression described by the first PCA component, even though the cell cycle progression of the cultures are altered by irradiation (section 4.1, figure 6 ). The spectral differences described by the second PCA component are uniquely radiation-induced biochemical changes in single DU145 cells. Interestingly, the biochemical nature of the observed radiation response is the same for all surviving cells analysed from 24 to 120 h post-irradiation, and it is the magnitude of the observed biochemical changes which increases with the post-irradiation incubation time and the irradiated dose. It should also be emphasized that since there is no significant separation in the PCA score distributions between the 50 Gy irradiated and the unirradiated cultures immediately after irradiation ( figure 3(b) , '0 h 0 Gy' versus '0 h 50 Gy'), our current acquisition and analysis methods are only sensitive to biochemical changes describing the response of single cells to irradiation over time, and are not sensitive to the immediate physical or chemical changes caused by direct or indirect radiation damage.
Several studies have investigated radiation-induced changes in cultured cells with other methods, such as Fourier transform infrared microscopy (FTIRM) and magnetic resonance spectroscopy (MRS). Direct comparisons of the FTIRM studies with our RS results are CH def ↓ difficult due to the different molecular sensitivities between FTIR and RS, the different spectral processing methods used (most notably the method of normalization), the different time intervals between irradiation and analysis, and the presence or absence of cell-cyclerelated spectral changes. However, three FTIRM studies (Gault et al 2005 , Meade et al 2010 have reported radiation-induced spectral changes in HaCaT cells (nontumourogenic immortalized keratinocyte cell line), many of which corroborate the results presented here (table 1). All three studies reported changes in the conformational protein structure, decreases in tyrosine signal and decreases in CH 2 lipid signal after irradiation, each of which supports the spectral changes observed here (table 1) . Furthermore, the most recent FTIRM study (Meade et al 2010) also observed spectral features changing with increased dose and incubation time, up to 96 h post-irradiation, qualitatively matching the trends observed in our study. One MRS study (Grande et al 2001) examined changes in metabolites in HeLa cells after similar doses (40 Gy) and post-irradiation incubation times (24 to 72 h) as used in the current work. This MRS study identified an increase in choline signal correlated with increased incubation time post-irradiation, which qualitatively corroborates the spectral changes in choline intensity observed here (table 1) . Although previous studies have reported on the use of RS to detect radiation-induced biochemical changes in biological systems, it is difficult to corroborate the results of previous Raman studies with the results presented here because the biological systems undergoing irradiation are completely different. Raman studies have been performed on isolated DNA (Sailer et al 1996, Shaw and Jirasek 2009 ), lipid membranes (Verma 1986 , Verma and Sonwalkar 1991 , Verma and Rastogi 1990 , Verma et al 1993 , Sailer et al 1997 , proteins (Verma and Sonwalkar 1991 , Verma and Rastogi 1990 , Verma et al 1993 and tissues (Lakshmi et al 2002 , Synytsya et al 2004 . In our work, we observe biochemical changes reflecting the response of single cells to irradiation over time, rather than chemical changes caused by direct radiation damage. In effect, we observe the biological radiation response of surviving cells 5 , as opposed to a physical or chemical radiation response. Furthermore, our study observes radiation-induced spectral changes independent of any spectral changes arising from differences in cell cycle progression, which are observed concurrently with any uniquely radiation-induced effects. Therefore, Raman studies such as those mentioned above will generally be expected to yield different results than a Raman study performed with cells in culture. To our knowledge, our study is the first time when vibrational spectroscopy has been applied to a living biological system to observe radiation-induced biochemical changes which are independent of biochemical changes arising from concurrent cell-cycle-or cell-deathrelated processes.
LWN versus HWN spectral windows
The HWN window offers several technical advantages over the LWN window, such as reduced background fluorescence, reduced acquisition time to cover the spectral window and simplified baseline removal. However, there is a considerably higher number of detectable molecular groups in the LWN window, which may translate into an increased diagnostic benefit for measuring radiation-induced effects. For the experiment presented in section 3.2, there is an increase in the PCA score separations between unirradiated and irradiated cultures for the LWN window ( figure 3(b) ) as compared to the HWN window ( figure 4(d) ). Furthermore, the observed trend of increased score separation with incubation time and dose is not consistent for all samples in the HWN window, as it was for the LWN window. Specifically, the LWN window trend is reproduced in the HWN window data for all cultures except the '72 h 50 Gy' culture ( figure 4(d) ). The exact cause of this specific discrepancy is unclear, but is likely due to the very small number of molecular groups available for detection in the HWN window compared to the LWN window, thus decreasing the sensitivity of detecting subtle molecular changes with RS and PCA. This hypothesis is supported by the very low percent variance explained by the second PCA component for the HWN window of 2.1%, as compared to 14.4% for the LWN window. A final disadvantage of the HWN window is that the biomolecules responsible for the radiation-induced effects, as given by the features in the second PCA component, cannot all be assigned with confidence. In summary, for the application of RS to study radiation-induced effects in single cells, the LWN window provides increased diagnostic utility and more biochemically useful information.
Conclusion
This study is the first use of RS to observe radiation-induced biochemical changes in single human cells cultured in vitro. The sensitivity of RS to different types of biomolecules in a single acquisition allows the noninvasive and nondestructive observation of radiation-induced effects in single living cells. We demonstrate the application of PCA to effectively discriminate between cell-cycle-related spectral changes and the spectral changes arising from uniquely radiation-induced biochemical changes. Through our PCA analysis, we observe radiationinduced spectral changes in irradiated DU145 cells which are assigned to various nucleic acids, lipids, amino acids and conformational protein structures (table 1); these spectral changes are observed to increase with both the irradiated dose (0-50 Gy) and the post-irradiation incubation time (0-120 h). Our successful demonstration of the sensitivity of RS to radiation-induced changes in single cells makes RS an attractive modality for future radiobiological studies of living biological systems. Further work involving different cell lines and different irradiation protocols is underway.
